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 The USS Arizona has remained submerged in Pearl 
 Harbor, Hawaii, since the Japanese attack on 
December 7, 1941. The ship presents a potential hazard 
from fuel oil still present in the ship’s hull. As an important 
factor in management decisions, the effect of corrosion 
after nearly 65 years is being studied to determine the 
integrity of the ship’s structure. Coupon samples from the 
hull revealed decreasing corrosion rates from ~1 to 3 mpy 
(0.03 to 0.08 mm/y) from just below the water surface to 
the mudline. This is about one-third of that expected in 
the absence of biofouling or concretion. Methods of 
determining the corrosion rate, including correlation 
of chemistry and properties, are discussed. 
T
he wreckage of USS Arizona 
has been submerged in 
shallow water since Decem-
ber 7, 1941, when Japanese 
forces sank USS Arizona 
(Figure 1) and eight other 
battleships during the Pearl 
Harbor attack in Hawaii. T e remnants 
of the hull rest below water at a location 
that is now the USS Arizona Memorial 
(Figure 2). T e hull, with a slight list to 
port, is submerged from the main deck to 
the keel in ~30 ft (9.1 m) of water and 25 
ft (7.6 m) of mud. T e mudline today is 
roughly equivalent to the original water 
line. 
Steel corrosion in seawater is exten-
sively documented in the professional 
literature.1 Corrosion eff ects, however, are 
not comprehensively documented as re-
lated to the interaction between substrate 
steel and accumulated marine concretion 
(marine hard biofouling) when the steel 
is not cathodically protected, as in the case 
of USS Arizona. 
T e current USS Arizona Preservation 
Project builds upon pioneering site docu-
mentation and environmental research 
conducted by the National Park Service 
Submerged Resources Center (SRC) in 
the 1980s.2 Several interdisciplinary steps, 
including corrosion analysis, were initi-
ated by the SRC in 1999 to provide the 
scientifi c foundation for long-term pres-
ervation and management decisions for 
this immensely signifi cant national shrine 
and National Historic Landmark.3-4 A 
critical management issue is that an esti-
mated 500,000 gal (1.89 million L) of 
Bunker C fuel oil remains on board and 
has been slowly escaping since 1941. 
Catastrophic oil release could pose a po-
tentially serious environmental hazard. To 
deal eff ectively with this issue, memorial 
managers seek a scientifi c characterization 
of the rate and nature of the deterioration 
processes on the sunken ship. 
 Part 1 of this article presents the ex-
perimental approach and results of metal 
coupon corrosion rate measurements at 
the midship hull, and discusses minimal 
impact methods used to measure the cor-
rosion rate. Part 2, to be published in the 
November 2006 issue of MP, continues 
with a characterization of hull concretion 
samples removed in support of studies 
reported in the literature.5
Literature Review
An initial corrosion study objective 
was a metallurgical evaluation of steels 
used to build the ship. T is evaluation, 
published in 2000,6 included brief state-
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ments concerning the ship’s history, re-
covery eff orts, and the 1980s underwater 
survey. T e mild steels used to fabricate 
the ship during its original construction, 
and later during the 1930s reconstruc-
tion, were consistent with the best mate-
rials available. A typical analysis and 
comparison with the present-day ASTM 
A36 steel values are shown in Table 1. T e 
diff erences in chemistry between USS 
Arizona-era steel and present-day ASTM 
A36 steel are not considered signifi cant 
with regard to corrosion response. 
A follow-on of the metallurgical study 
was focused on in-situ corrosion potential 
measurements at the interface between 
the hull metal and the encrustation or 
hard biofouling layer (concretion) that 
covers the entire submerged ship. T is 
study, published in 2002,7 primarily in-
volved sequential drilling, corrosion po-
tential, and pH measurements into the 
concretion from seaside (concretion/
seawater interface) to shipside (concre-
tion/hull metal interface). Data clearly 
confirm the crevice effect at shipside 
where the pH is the lowest, and gradually 
increased through the concretion to sea-
side. In addition, results indicated that the 
corrosion potential at both shipside and 
seaside decreases with water depth. T ese 
results are being incorporated into a fi nite 
element model, which is the primary pre-
dictive tool used to assess corrosion eff ects 
on hull structural elements for manage-
ment purposes.
Direct Experimental 
Measurement
In August 2002, the SRC partnered 
with the Naval Facilities Engineering 
Service Center–Ocean Construction Di-
vision, the Navy’s Mobile Diving and 
Salvage Unit One, and Titan Maritime 
Industries, Inc. to collect external hull 
plate samples for metallurgical and mi-
crobiological analysis. Hull coupons were 
critical for establishing controls for the 
indirect hull corrosion-rate determina-
tion methods. A 4-in. (102-mm) hy-
draulic powered hole saw was used to 
collect eight hull metal samples, four on 
each side of the ship on vertical transects, 
USS Arizona in the East River, New York City, circa 1916. Courtesy of the National Park Service.
USS Arizona Memorial at Pearl Harbor as it exists today. Courtesy of the National Park Service.
TABLE 1
CHEMISTRY OF TYPICAL USS ARIZONA STEEL COMPARED 
TO MODERN DAY ASTM A36 (ALL VALUES wt%)
  Carbon Phosphorus Sulfur Silicon
 USS Arizona 0.25 0.028 0.034 0.023
 ASTM A36 0.20 0.012 0.037 0.007
FIGURE 1
FIGURE 2
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near amidships frame 75 (each frame rep-
resents a 4-ft [1.2-m] section of the hull, 
beginning at the bow with frame 1), from 
near the water line to just below the mud-
line. T e ship’s blueprints were consulted 
to ensure that no compartments contain-
ing oil would be penetrated. Figure 3 is a 
picture of a core sample taken at a depth 
of 5 ft (1.5 m) with intact concretion on 
Composite interior/exterior concretion with hull metal coupon from USS Arizona; sample taken 
from a water depth of 5 ft (1.5 m), port side.
Cross section of metal coupon from USS Arizona; sample taken from a water depth of 19.5 ft 
(5.9 m), port side.  
both sides. Samples from greater depths 
exhibited little concretion on the interior 
surfaces. Interior water in these locations 
was anaerobic. After removal, each loca-
tion was plugged and sealed with marine 
epoxy. One location was plugged with a 
removable stopper to allow for the future 
retrieval of internal water samples as part 
of the long-term monitoring program.
Multiple optical metallographic mea-
surements were made on each metal cou-
pon at Rail Sciences Laboratory in 
Omaha, Nebraska. Figure 4 shows the 
cross section of a typical sample taken at 
19.5 ft (5.9 m) below the water surface. 
General corrosion was evident in this 
macrophotograph, as it was on the other 
seven samples. For comparison, the sam-
ple in Figure 3 taken near the water’s 
surface shows severe corrosion from wave 
action and corrosion from both sides. T e 
bar graphs in Figure 5 (port) and 6 (star-
board) are representations of the results 
of this analysis in terms of metal loss as a 
function of original plate thickness and 
water depth. T e original nominal hull 
plate thickness was identifi ed from origi-
nal cross-section drawings, amidships, at 
frames 75 and 93. Thicknesses in the 
original blueprints were expressed in 
terms of weight per unit area (lb/ft2). T e 
magenta on each horizontal bar corre-
sponds to metal lost during 61 years of 
seawater exposure. T e direct corrosion 
rate is determined by subtracting the 
thickness of metal remaining from the 
original thickness, dividing the result by 
time (61 years), and multiplying by 
1,000. T e equation is given by: 
 
icorr
T o T a
t
= ×
( ) – ( )
,1 000
 
(1)
where icorr is the corrosion rate in mpy; 
T(o) is the original thickness, in.; T(a) is 
the actual thickness, in.; and t is time, year 
(1 mpy = 0.0254 mm/y).
Figure 7 illustrates the corrosion rate 
as a function of water depth for all of the 
samples collected at frame 75.
Indirect Experimental 
Measurement
Several indirect methods for the deter-
mination of corrosion rate with minimal 
impact on the existing structure of USS 
Arizona are being studied. T ese methods 
include corrosion potential, potential 
gradient across concretion, ultrasonic 
thickness, electrochemical measurements, 
limiting current density, and concretion 
FIGURE 3
FIGURE 4
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iron content analysis. None of these 
methods stand alone, however, and each 
must be correlated with actual metal loss. 
T e method presently showing the most 
promise is the correlation between hull 
iron loss and concretion iron gain. X-ray 
and electron diff raction analysis, to be 
presented in Part 2, lends support to this 
method.1
Conclusions
Based on metal coupon analysis at 
frame 75, the corrosion rate on USS Ari-
zona’s exterior hull is ~3 mpy (0.08 mm/y) 
near the surface and decreases by nearly 
one third to ~1 mpy (0.03 mm/y) just 
below the mudline. By comparison, cor-
rosion rates for unconcreted steel in open 
seawater at the surface are reported to be 
in the 7 to 8 mpy (0.18 to 0.20 mm/y) 
range.1 Lower-than-predicted corrosion 
rates are directly related to metal/concre-
tion interaction and subsequently de-
creased oxygen availability. Studies are 
ongoing to evaluate the role of the concre-
tion and its eff ect on corrosion in marine 
environments.
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